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INTRODUCTION 
Various forms of q u a r t z  h a v e  l o n g  b e e n -  s t u d i e d  a n d  c o n s t i t u t e  
an important  body of i n f o r m a t i o n  f o r  geologis t s  and  geophys-  
icists.  Q u a r t z  i s  a u b i q u i t o u s   m i n e r a l .  I t  i s  a major con- 
s t i t u e n t  o f  many sedimentary rocks and an important  component  
i n  some igneous  and  metamorphic rocks. T,he polymorphism, 
s t a b i l i t y  a n d  r e a c t i o n  k i n e t i c s  of q u a r t z  i n  s e v e r a l  of i-ts 
s i x  forms i s  i m p o r t a n t  i n  c o n c e p t s  o f  t h e  m i n e r a l o g y  a n d  p h y s i -  
cal  p r o p e r t i e s  of t h e  e a r t h ' s  i n t e r io r .  An example i s  some of 
t h e  s e v e r a l  p o s s i b l e  stable phase assemblages or t r a n s f o r m a t i o n s  
of f e ldspa r  be tween  30 and 200 kb: 
1. O l i g o c l a s e  + j a d e i t e  + g o s s u l a r i t e  + 
k y a n i t e  + S i 0 2  ( q u a r t z ,  coesite, stis- 
h o v i t e ) .  James ( 1 9 6 9 ) .  
2 .  M i c r o c l i n e  -+ h o l l a n d i t e .  Ringwood, 
R e i d  and  Wadsley ( 1 9 6 7 ) .  
The d e n s i t y  o f  the f i rs t  assemblage depends upon t h e  thermo- 
dynamic s ta te  o f   q u a r t z .   I n   t u r n ,   t h e s e   p h a s e   a s s e m b l a g e s  
m i g h t  b e  u s e d  i n  more e l a b o r a t e  models of the  mante l  which  
m u s t  b e  c o n s i s t e n t  w i t h  d e n s i t y  v a r i a t i o n s  w i t h i n  t h e  m a n t l e .  
T h i s  r e p o r t  d e s c r i b e s  a n d  p r e s e n t s  t h e  r e s u l t s  of a s tudy  o f  
shock  wave l o a d i n g  of Coconino sandstone from Meteor Crater,  
Ar izona .  These r e s u l t s  e x t e n d  a n d  a d d  t o  p r e v i o u s  work des- 
c r i b e d  by J o n e s ,  e t  a l .  ( 1 9 6 8 ) ;  Ahrens  and  Gregson  (1964):  
and  Gregson  and  Grine  (1963).  Combining t h e  r e s u l t s  of t h e s e  
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workers ,  w e  a t t e m p t  t o  d e s c r i b e  the polymorphism of q u a r t z  
( i . e . ,  a -qua r t z ,  coesite, s t i s h o v i t e )  u n d e r  h i g h  rates of 
l o a d i n g  a t  h i g h  p r e s s u r e s .  The hugon io t  of sands tone  leads 
us  t o  b e l i e v e  t h a t  mixed  reg ions  of bo th  a -qua r t z / coes i t e  and  
a - q u a r t z / s t i s h o v i t e  do e x i s t  a t  h i g h  rates of l o a d i n g  n o t  o n l y  
i n  s a n d s t o n e  b u t  a l so  i n  c r y s t a l l i n e  q u a r t z  as w e l l .  
E x p e r i m e n t a l  t e c h n i q u e s  e m p l o y e d  i n  t h e  p r e s e n t  work t o  a c h i e v e  
h i g h  p r e s s u r e s  a r e  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  ( J o n e s ,  e t  a l . ,  
1 9 6 8  and  Shipman, e t  a l . ,  1 9 6 8 ) .  The t e c h n i q u e   i n v o l v e s   t h e  
use  of a n  a c c e l e r a t e d  r e s e r v o i r  l i g h t  g a s  gun t o  l a u n c h  a f l a t  
p l a t e  of one of several metals with wel l -documented shock wave 
p r o p e r t i e s .  Metal p l a t e s  are made t o  str ike an   i n s t rumen ted  
specimen and t h e  d a t a  p a r a m e t e r s  of the  shock  wave are reco rded .  
Th i s  t echn ique  allows t h e  g e n e r a t i o n  of p r e s s u r e  states h i g h e r  
t h a n  p r e v i o u s l y  a t t a i n e d  t h r o u g h  t h e  c o n v e n t i o n a l  u s e  of explo-  
s i v e s  b e c a u s e  i m p a c t  v e l o c i t i e s  as h igh  as 8 km/sec are o b t a i n e d .  
Conversion of r eco rded  da ta  t o  pressure-volume s ta tes  i n  t h e  
shock f r o n t  i s  p o s s i b l e  by us ing  p rec i se  measu remen t  of t h e  i m -  
p a c t o r  v e l o c i t y  a n d  s h o c k  wave v e l o c i t y  i n  t h e  s p e c i m e n  t o g e t h e r  
w i t h  t h e  known h u g o n i o t  e q u a t i o n  of s t a t e  of t h e  i m p a c t o r .  
The Rankine-Hugoniot  conservat ion equat ions are t h e n  u s e d  t o  
ca l cu la t e  t he  p re s su re -vo lume  and  ene rgy  s t a t e  beh ind  the  shock  
wave f r o n t  i n  t h e  s a m p l e .  
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SECTION I 
SHOCK WAVE DATA 
The p h y s i c a l  p r o p e r t i e s  of Coconino sandstone tested i n   t h i s  
s t u d y  are p r e s e n t e d  i n  Table  I .  The g e n e r a l  p e t r o l o g i c  des- 
c r i p t i o n  a n d  p h y s i c a l  p r o p e r t i e s  o f  t h i s  C o c o n i n o  s a n d s t o n e  
are n e a r l y  i d e n t i c a l  t o  t h o s e  r e p o r t e d  by Ahrens and Gregson 
( 1 9 6 4 ) .  M e a s u r e m e n t s   o f   t h e   a c o u s t i c   v e l o c i t i e s   u s i n g  a 
p u l s e  t r a n s m i s s i o n  o v e r l a p  t e c h n i q u e  are i n c l u d e d  f o r  f u r t h e r  
completeness  of material c h a r a c t e r i z a t i o n ,  
A t o t a l  of 1 7  exper iments  were pe r fo rmed  us ing  an  acce le ra t ed  
r e s e r v o i r  l i g h t  gas gun f a c i l i t y .  Measurements of hugonio t  
shock states i n  Coconino sandstone ranged from about  40 t o  
1 4 0 0  kb.   This   range  of   shock s ta tes  w a s  ach ieved  by va ry ing  
t h e  l a u n c h  v e l o c i t y  of t h e  f l a t  p l a t e  i m p a c t o r  f r o m  a p p r o x i -  
mately 1 t o  8 km/sec and using impactors  of  varying shock i m -  
pedances.  The expe r imen ta l   t echn iques  w i l l  be   d i scussed   be low 
i n  a s p e c t s  r e l a t e d  t o  da ta  compar ison .  
Data p r e s e n t e d  i n  T a b l e  I1 are a l so  d i s p l a y e d  i n  F i g u r e s  1 and 
2 s h o w i n g  s h o c k  v e l o c i t y - p a r t i c l e  v e l o c i t y  a n d  p r e s s u r e - s p e c i f i c  
volume r e l a t i o n s h i p s   r e s p e c t i v e l y .  Data t o l e r a n c e s   a n d  error  
b a r s  are i n c l u d e d  t o  i l l u s t r a t e  t h e  scatter recorded a t  each  
r ep resen ted  shock  s ta te .  
The s i m p l e s t  r e p r e s e n t a t i o n  o f  h u g o n i o t  d a t a  as a d e s c r i p t i o n  
of b e h a v i o r  i n  s h o c k  v e l o c i t y - p a r t i c l e  v e l o c i t y  c o o r d i n a t e s  
(Us, u p ) .  A l eas t  s q u a r e s  a n a l y s i s  i s  used  t o  fit a smooth 
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TABLE I 
PHYSICAL  PROPERTIES OF 
COCONINO SANDSTONE 
Mineral  Composition 
9 7 %  Q u a r t z  
Trace Clay and Heavy Mine ra l s  
3% F e l d s p a r  
Gra in  S i z e  
Average and Modal Grain S i z e  - 0 . 1 1 7  - 0 . 1 4 9  mm 
Range of Gra in -Diamete r s  0 . 0 6 2  - 0 . 7 1  mm 
Dens i ty  
Bulk Density - 1.98 gm/cm 3 
Gra in  Dens i ty  - 2.67 gm/cm 
P o r o s i t y   ( C a l c u l a t e d )  
2 5 %  
S t r e n g t h  
Unconfined Crushing Strength normal  t o  bedd in  
3.14 x l o 8  dynes/cm2 dry ,  3 .64  x lo8 dynes/cm s 
s a t u r a t e d  w i t h  water (b lock  s i z e  2 . 2  X 2 . 2  X 5 c m )  . 
S o n i c  V e l o c i t i e s  
Long i tud ina l  CQ = 4.188  km/sec k .08 (Vacuum Dry) 
Shear  = 2.68  km/sec f . 3  (Vacuum Dry) 
Description 
Specimen is  weakly t o  m o d e r a t e l y  w e l l  cemented with 
s i l i c a ,  i n  t h e  f o r m  o f  q u a r t z  o v e r g r o w t h s  o n  t h e  g r a i n s .  
S u b p a r a l l e l  l a m i n a e  5.0 t o  17.5 mm t h i c k  are s e p a r a t e d  
by t h i n  l a m i n a e  0 . 5  mm t h i c k  c o n t a i n i n g  more than average 
amounts of s i l t  a n d  c l a y  s i z e d  g r a i n s .  A p e t r o f a b r i c  s t u d y  
of C-axis  or ien ta t ions  can  be  found in  Gregson  and  Gr ine ,  
(1963) .  
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Impactor  Material 
and Velocity 
(km/sec) 
Cu .851 
cu 1.221 ' 
. .  I .  
Cu 1.588 
' Cu 1.965 
. CU 2.054 
T u  2.650 
: .  Cu 3.155 , 
Cu 3.528 
Cu 3.898 
~ C U  4.063 
.CU 5.540 
@u 5.731 
Cu 6.642 ; 
Cu 6.652 
Cu 6.662 : -  
Cu 7.895 
FS-77 7.871 
TABLE I1 
HUGONIOT DATA FOR CONCONINO SANDSTONE 
Remarks 
rhickness in mm 
No Shim 
Wedge Exper. 
2.5-12.5m 
5.84 
5.84 
5.84 
5.84 
5.84 
5.84 
5.84 
5.84 
5.84 
5.84 
5.84 
? 
5.84m 
4.63mm 
* 
3.94mm 
3.94mm 
= 1.98 f . 0 3  gm/cc 
Shock 
Velocity 
(km/sec) 
2.95f.12 
3.20t.06 
3.674k.001 
4.10 
4.269t.002 
4.49t.10 
4.84t.02 
5.25f.02 
5.66t.01 
5.79t.04 
7.57t.03 
7.79k.14 
. .  
8.72t.06 
8.822.03 
9.08t.01 
10.09 
11.20 
Particle 
Velocity 
(km/sec) 
.74 
1.039 
1.330 
1.63 
1.700 
2.18 
2.57 
2.86 
3.12 
3.25 
4.30 
4.43 
5.07 
5.07 
5.05 
5.94 
6.43 
* Shim  Thickness = .082m Brass 
FS-Fansteel-77 
Shock 
Pressure 
(Mb) 
.043+.002 
I. .. , 
.066+.001 
.,0968 
'' .132 
.1437 
.194?.004 
.246t.001 
.297+.001 
.349t .OD1 
.373k.002 
.644+.003 
-684t.011 
.875t  .006 
.886+.003 
.908t.002 
1.187 
i. 426 
Specific 
Volume 
(cc/gm) 
-.378f.005 
.341?.003 
.3222 
.304 
.3040 
.260t.O05 
.237+.002 
.23Qt.001 
.227k.001 
.222+ .005 
.218+.002 
.218+.010 
.2112.002 
.215+.003 
.224?.001 
-208 
.215 
Shot No. 
S-241 
5-257 
S-153 ' 
5-156 
S-247 , .  
S-1127 
5-152 
S-239 
S-154 - 
C-11'28 
c-1130 
C-1179 
S-160 
S-158 
S-159 
S-155 
S-157 
11.0 - 
10.0 - 
9.0 - 
V 
Q) 
v, 
1 
Y 
I 
E 
8.0 - 
> '  
t 
0 
0 
2 7 . 0 -  
w 
> 
Y 
0 
0 
in 
I 6.0 - 
5.0 - 
4.0 - 
3.0 - 
COCONINO SANDSTONE 
12. o r  I I I I I I 
2. Ool. 0 
1 I I I I I 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 
P A R T I C L E  V E L O C I T Y  - k m l s e c  
F i g u r e  1 S h o c k   V e l o c i t y   v e r s u s   P a r t i c l e   V e l o c i t y  
fo r  GM Data on Coconino Sandstone 
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I I I I I I 
COCONINO SANDSTONE 
. 2ml"--- 1.800 
1.600 - 
1.400 - 
g 1.200 - 
I 
W 
e 
2 1.Ooo - 
rn 
W 
e 
a 
0.m - 
0.600 - 
0.400 - 
S P E C  I F  IC V O L U M E  - c c l g m  
F i g u r e  2 GM Hugoniot for Coconino  Sandstone 
7 
curve- , . tp  _th.e  -Us - u dat.a,. . Most commonly,. a l i n e a r  f a n c t i o n  
of  t h e  form us = c0 + S u is  employed as a n  a u x i l l a r y  e q u a t i o n  
of s ta te  which allows i n t e r p o l a t i o n - b e t w e e n  data. Where d i s -  
c o n t i n u i t i e s  are e v i d e n t ,  l i n e a r  l i n e  s e g m e n t s  are h e r e  em-  
' I -  P "  ! . .... ~ . .. . .  
P 
p l o y e d  f o r  t h e  same p u r p o s e  b u t  o n l y  o v e r  t h e  r a n g e  of p a r t i c l e  
v e l o c i t i e s  of t h e   s e g m e n t .   I n   g e n e r a l ,   b u t   n o t   n e c e s s a r i l y ,  
d e p a r t u r e s  from l i n e a r i t y  are e v i d e n c e  o f  c h a n g e s  i n  - s t r u c t u r a l  
b e h a v i o r  e . g .  p l a s t i c  f a i l u r e ,  m e l t i n g ,  p o l y m o r p h i s m  i n  s h o c k  
loaded materials (McQueen, e t  a l . ,  1967) .  
C o m p a r i s o n  o f  t h e  s h o c k  v e l o c i t y - p a r t i c l e  v e l o c i t y  a n d  p r e s -  
s u r e - s p e c i f i c  volume data of Ahrens  and  Gregson ( 1 9 6 4 )  and 
t h i s  work i s  made i n  F i g u r e s  3 and 4 s h o w i n g  o u r  i n t e r p r e t a -  
t i o n  of t h e s e  d a t a .  
Region I r e p r e s e n t s  t h e  e las t ic  b e h a v i o r  o f  s a n d s t o n e  e s t a b l i s h e d  
by Ahrens  and  Gregson ( 1 9 6 4 )  where  the  HEL (Hugoniot Elastic 
L i m i t )  w a s  measured t o  between 4.1 t o  5 .1  kb. 
The n e x t  two r e g i o n s  u s e  t h e  data  from t h e  HEL (Hugoniot E las t ic  
L i m i t )  as de termined  by  Ahrens  and  Gregson ( 1 9 6 4 )  and lower d a t a  
p o i n t s  r e p o r t e d  h e r e .  
REGION I1 
us 
= 1.751 + 1.495 u km/sec 
P _ .  
0.3<u ~ 0 . 8  km/sec   S td .   Er ror .of . -Us  = 0.103  km/sec 
P 
. . , . . - . . _ .  ~ . .  . 
REGION 111:' 
= 1.380 + 1.652 u km/sec 
P 
! -  
0.95<u C1.8 km/sec  Std. Error of Us = 0 . 1 1 2  km/sec 
P 
8 
12.0 
11.0 
' 10.0 
9.0 
V '  * 
v) - 
E 
x 8.0 
s 
r 
t 
0 
- 
5 7.0 
W 
> 
Y 
0 2 6.0 
Ln 
5.0 
4.0 
3.0 
L. 
2.0 
.. . 
II 
F i g u r e  3 Shock V e l o c i t y   v e r s u s  Particle V e l o c i t y  
D a t a  of- Sands tone  
9 
0.500 ’ I I I I I I 
S A N D S T O N E  
0.450 - - 
0.400 - PB - 
”_ 0 
- 
- 
n 
I - 
3 
v, 
W 
0 GM Data - Coconino 
v, + Ahrens and Gregson (1964) 
- 
0.150 
- - 
0.100 - - 
0.050 - - 
1 I-”-” O* OO0 Or180 0. ‘230 
” 
1 
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F i g u r e  4 Hugoniot for  Sandstone  Data  
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R E G I O N   I V  
= 3.303 .t 0.588 u km/sec 
P 
1.8<u <2.55 km/sec Std.  Error of  Us = 0 .126  km/sec P 
R E G I O N  VA 
= 1 . 1 7 2  f 1.427 u km/sec P 
2 . 5 5 ~ ~  <3.35 km/sec Std. Error o f  Us = 0.02  km/sec 
P 
R E G I O N  VB 
= 0 . 4 2 2  + 1 . 6 6 1  u km/sec 
P 
u >3.35 km/sec S t d .  E r r o r  o f  Us = 0 . 1 3 2  km/sec 
P 
R E G I O N S  VA AND VB COMBINED: 
Us = 0.567 + 1.633 u km/sec P 
u >2 .3  km/sec S t d .  Error of Us = 0.117 km/sec 
P 
D a t a  for Coconino sandstone of Ahrens  and  Gregson ( 1 9 6 4 1 ,  
Gregson and Grine (1963)  are  employed here  because their  
material d e s c r i p t i o n  matches o u r s   a l m o s t   i d e n t i c a l l y .  The 
on ly  material d i f f e r e n c e  i s  t h e  i n i t i a l  dens i ty  r ang ing  f rom 
1 . 9 6  t o  2.03 gm/cm3 v e r s u s  t h e  1 . 9 8  ? .03  grn/cm3 ave rage  
v a l u e  m e a s u r e d  f o r  t h e  p r e s e n t  w o r k .  
U s e  of the Rankine-Hugoniot jump c o n d i t i o n s  i n  t h i s  work  and 
in   p rev ious   works  assumes a s t e a d y  s ta te  b e h a v i o r .   I n   o r d e r  
t o  d e t e r m i n e  w h e t h e r  s t e a d y - s t a t e  c o n d i t i o n s  e x i s t e d  i n  t h e  
p r e s e n t  e x p e r i m e n t s ,  several tests w e r e  performed which would 
exhibi t  non-steady waves by a v a r i a t i o n  of average shock 
11 
v e l o c i t i e s  w i t h  t h i c k n e s s .  One such  t es t  employed a wedge of 
sandstone which was impacted on one face a n d  t h e  arr ival  0 . f  t h e  
shock a t  t h e   t i l t e d  rear s u r f a c e  .wa_s , r eco rded  us ing  .a, h i g h  s p e e d  
r o t a t i n g  mirror camera. The impac t   cond i t ions   p roduced  a s'hock 
i n   s a n d s t o n e  o'f'.66 . -kb,  which was ' . .near ly  -s teady over' t h e  target 
t h i c k n e s s e s  o f  2 . 5  t o  12.5 mm. Shock wave b r e a k o u t  as w i t n e s s e d  
by an unshimed mirror r e s u l t e d  i n  a v e l o c i t y  o f  3 . 2 0 ' k m j s e c .  
The s l i g h t l y  r a g g e d  c u t  o f f  showed -on ly  d i sp -e r s ion  o f ,  ..06 km/sec 
( ' ~ 2 % )  across t h e  wedge w i t h  t h e  maximum v e l o c i t i e s  o c c u r r i n g  b e -  
tween 5 t o  9 'm. F i v e  t o  9 m i s  t h e . ' t h i c k n e s s '  a t  which  most  of 
our  hugoniot  measurements  were performed. 
The a b o v e  v e l o c i t y  d i s p e r s i o n  c o r r e s p o n d s  t o  a b 0 u t . a  .05  mm ( 1 / 2  
t h e  a v e r a g e  g r a i n  d i a m e t e r )  u n e v e n n e s s  of the  shock  wave f r o n t  
which i s  equ iva le -n t  t o  the  su r face  roughnes - s .  'of t h e  t a r g e t  s p e c i -  
men. 
- .  
.~ a .  
Tests were p e r f o r m e d  w i t h  a n d  w i t h o u t " r e a r  s u r f a c e  s h i m s  i n  .an 
e f f o r t  t o  assess t h e i r  e f f e c t s  on r eco rded  wave a r r i v a 1 , t i m e s .  
Because p a r t i c l e  v e l o c i t y ' ( o r  free s u r f a c e  v e l o c i t y )  i s  n o t  
m e a s u r e d  d i r e c t l y  by o u r  p i n  t e c h n i q u e ,  a n y  d i f f e r e n c e  i n  t h i s  
parameter   afgected  by, :shims  . .would  .appear  as d a t a   s c a t t e r .  . -  The 
scatte? a f , d a t a  a b a u t . t h e  h u g o n i o t  as i n t e r p r e t e d  a b o v e  i s  
shown b y - t h e  s t a n d a r d  errors t o  b e  r e l a t i v e l y  small. 
. .  , . . .  
. .  
. '. _ -  
T h r e e . o t h e r  tests were performed a t  much h ighe r  shock  s t resses  
w i t h  t h e  more s e n s i t i v e  p i n  t e c h n i q u e s  t o  check for  non-steady 
p ropaga t ion .  Each target was a d i f f e r e n t  t h i c k n e s s  b u t  t h e  i m -  
p a c t   c o n d i t i o n s  were h e l d   n e a r l y   i d e n t i c a l .   T h e s e   e x p e r i m e n t s ,  
as s e e n  i n  F i g u r e  1 and Table I ,  d i s p l a y  n o  c o n s i s t e n t  b e h a v i o r .  
T h e i r  ~ 2 %  sca t te r  i s  l a r g e r  t h a n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y  
a n d , i s  n o t  i n  the.  order o f  d e s c e n d i n g  v e l o c i t y  w i t h  i n c r e a s i n g  
t h i c k n e s s  or v i c e  v e r s a .  0 u r . c o n c l u s i o n .  i s  t h a t  the  specimen 
or  shot  r e p r o d u c i b i l i t y  i s  probably   no  be t te r  t h a n  2%.  Within 
t h i s  bound,  shocks appear  s teady over  t h e  measured data .  
.12 
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SECTION 11 
. .  
. .  
PRESSURE-VOLUME  PHASE DIAGRAM FOR QUARTZ 
, . . .  
. -  . .  . . .  . .  . 
The i n t e r p r e t a t i o n  o f  t h e  h u g o n i o t  d a t a  f r o m  t h e  p r e v i o u s  
s e c t i o n  i s  employed i n  t h e  f o l l o w i n g  p r o p o s e d  d e s c r i p t i o n  of 
po lymorph ic   behav io r   o f   qua r t z   unde r   shock   l oad ing .   Breaks  
o r  d i s c o n t i n u i t i e s  i n  t h e  s a n d s t o n ' e  a n d  so l id  q u a r t z  h u g o n i o t s  
t o g e t h e r  w i t h  s t a t i c  pressure-volume data are used  t o  estimate 
a P-V p h a s e  d i a g r a m  f o r  q u a r t z .  P r i m a r y  - c o n c e r n  i s  d i r e c t e d  
t o w a r d  c o n d i t i o n s  f o r  e x i s t a n c e  o f  a - q u a r t z ,  coesite, s t i s h o -  
v i t e  p h a s e s  a l o n g  t h e  hugonio t .  
. .  .. . .. , 
I n f e r e n c e  of polymorphic  behavior  of  materials under  shock 
( h i g h  s t r a i n  ra te)  l o a d i n g  i s  u s u a l l y  made on t h e  b a s i s  o f  
b r e a k s  or d i s c o n t i n u i t i e s  i n  t h e  h u g o n i o t  o r  s h o c k  v e l o c i t y -  
p a r t i c l e   v e l o c i t y   p l o t .   R e c o v e r e d  material, shock  unloading 
p a t h s ,  a n d  c o r r e l a t i o n  w i t h  s t a t i c  P-V and P-T d a t a  are a l s o  
used ,  when a v a i l a b l e ,  as g u i d e s  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  
h igh  ra te  l o a d i n g  d a t a .  
Shock behavior  of  ideal i 'zed models  of  a material undergoing 
a p o l y m o r p h i c  t r a n s i t i o n  i s  d i s c u s s e d  i n  d e t a i l  b e l o w .  F o u r  
such  models are i l l u s t r a t e d  i n  F i g u r e s .  5.-andr 6 .  These  models 
are based  on  the  known b e h a v i o r  o f  q u a r t z  b u t  do n o t  i n c l u d e  
a l l  possible t r a n s i t i o n s ,  e n d o t h e r m i c  r e a c t i o n s ,  m e l t i n g ,  p h a s e  
l i n e s  s u c h  t h a t  dP/dV>O, or t h o s e  t h a t  are c e n t e r e d  i n  a h i g h  
t e m p e r a t u r e  p h a s e .  
. .  
F i g u r e .  5 i l l u s t r a t e s   t h e  shock. loading of a material which has  
a p o l y m o r p h i c  t r a n s i t i o n  tha t  o c c u r s  i n  time i n t e r v a l s  less t h a n  
13 
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( F i g u r e  5 b )  a n d  g r e a t e r  t h a n  ( F i g u r e  5 c )  t h e  r ise t i m e  o f  t h e  
shock   f ron t .  The  heavy l i n e s   d e n o t e   p h a s e   b o u n d a r i e s .  The 
d a s h e d  l i n e  p a t h  ABCD, ( F i g u r e  5 a )  d e n o t e s  t h e  s t a t i c  o r  equ i -  
l i b r i u m  s ta tes  of t h e  material undergoing a p h a s e  t r a n s i t i o n .  
F i g u r e  5 
I 
V O L U M E -  
a .  
Path  ABEF 
> 
I- - 
0 
0 
"I 
W 
> 
Y 
V 
0 
I 
P A R T I C L E   V E L O C I T Y  
b. 
P A R T I C L E   V E L O C I T Y  
L .  
( a )  I d e a l i z e d  Models of Polymorphic  Phase 
Transformat ion  (b) Having   T rans i t i on  T i m e s  
Less Than  and (c )  Greater Than t h e  R i s e t i m e  
o f  t h e  Shock F r o n t  
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Pa th  ABEF (F igure  5a )  i s  t y p i c a l  of a material i n  wh ich  the  
t r a n s i t i o n  t i m e  of t h e  p h a s e  t r a n s f o r m a t i o n  i s  less t h a n  t h e  
rise time of t h e  s h o c k  f r o n t .  The area d i f f e r e n c e  b e n e a t h  
p a t h s  ABCD and ABEF r e p r e s e n t s  t h e  n o n - e q u i l i b r i u m  or  "waste 
hea t "  ene rgy  be tween  the  s t a t i c  and dynamic loading states and 
r e s u l t s  i n  a t e m p e r a t u r e   i n c r e a s e  a t  t h e   s h o c k   f r o n t .   T h i s  
t y p e  o f  p h a s e  t r a n s i t i o n  i s  d e s c r i b e d  i n  some d e t a i l  by R i c e ,  
McQueen and  Walsh ( 1 9 5 8 ) .  The Us - u p l o t   o f  a material 
having  a hugon io t  r ep resen ted  by  pa th  ABEF i s  shown i n  F i g u r e  
5b.  This i s  t y p i c a l  o f  a material  i n  which a s i n g l e  s t e p p e d  
shock  f ron t  occur s  f rom A t o  B and  aga in  nea r  F .  A two-stepped 
s h o c k  f r o n t  i s  s t a b l e  i n  t h e  r e g i o n  n e a r  B t o  E .  B r e a k s  o r  
d i s c o n t i n u i t i e s  i n  a U - u o r  P-V p l o t  f o r  t h i s  i d e a l i z e d  
model  would be an adequate  indicat ion of  the onset  and comple-  
t i o n  o f  a p o l y m o r p h i c  t r a n s i t i o n  p r o v i d i n g  o t h e r  e f f e c t s  s u c h  
as y i e l d i n g  c a n  b e  a c c o u n t e d  f o r .  
P 
S P 
Pa th  AGF ( F i g u r e  5 a )  i s  one  of several r e p r e s e n t a t i o n s  t h a t  i s  
p o s s i b l e  f o r  a material i n  wh ich  the  phase  t r ans fo rma t ion  occur s  
i n  t i m e  i n t e r v a l s  g r e a t e r  t h a n  t h e  risetime of t h e  s h o c k  f r o n t ,  
t h e  d i f f e r e n c e  b e t w e e n  p a t h  ABCD and  pa th  AGF a g a i n  r e p r e s e n t s  
t h e  n o n - e q u i l i b r i u m  e n e r g y  c o n d i t i o n s  b e t w e e n  t h e  s t a t i c  and 
dynamic  loading s ta tes .  The Us - u p l o t  i s  shown i n   F i g u r e   5 c .  
This  i s  t y p i c a l  o f  a few mater ia ls  having  a l a r g e  p r e c u r s o r  d e c a y  
in   t he   doub le   s t epped   wave - f ron t   f rom B t o  G .  S i n g l e  s t e p p e d  
s h o c k  f r o n t s  are stable from A t o  B and  near   F.   This   model  il- 
l u s t r a t e s  o n e  o f  several ways i n  which "time-dependent phase 
t r a n s i t i o n s "  c a n  e x h i b i t  a t r a n s i t i o n  f r o m  o n e  p h a s e  t o  a n o t h e r .  
Horie ( 1 9 6 6 )  d i s c u s s e s  s u c h  e f f e c t s  i n  some d e t a i l  as does 
McQueen, e t  a l .  ( 1 9 6 7 ) .  Pa th  AGF i n   F i g u r e s   5 a   a n d   5 c   c a n  be 
viewed i n  t w o  ways: a p r e s s u r e  i n  e x c e s s  of B i s  needed t o  
d r i v e  t h e  t r a n s i t i o n  w h i c h  t h e n  b y  stress r e l a x a t i o n  d i l a t e s  
t o  B w i t h i n  t h e  d u r a t i o n  o f  t h e  s h o c k  e x p e r i m e n t ,  o r  t h e  t r a n -  
P 
1 5  
s i t i o n  time .is g r e a t e r  t h a n  the risetime o f  t h e  shock f r o n t  
( b u t  less t h a n  t h e " d u r a t i o n  of t h e  e x p e r i m e n t )  r e s u l t i n g  i n  
phase A b e i n g  o v e r d r i v e n  a n d  t h e n  r e l a x i n g .  T h i s  t y p e  o f  be- 
hav io r  can  be i n d i c a t i v e  of t h e  e x i s t e n c e  of a polymorphic 
t r a n s i t i o n  b u t  i t s  o n s e t  c a n n o t  be d e t e r m i n e d  u n t i l  t h e  de- 
caying double  shock has t r a v e l e d  f a r  enough i n t o  t h e  material 
t o  r each  a s t e a d y  s t a t e  p ropaga t ion .  
V 
0 
.A 
W 
> 
Y 
0 
u 
I 
ln 
G 
Path AEFG G 
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Y 
0 
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P A R T I C L E   V E L O C I T Y  
b. 
P A R T I C L E   V E L O C I T Y  
C. 
F i g u r e  6 (a )  I d e a l i z e d  Models of Polymorphic Phase 
Transformat ion  of a (b) Sol id  and (c )  Porous 
Material Having a T r a n s i t i o n  T i m e  Greater 
Than t h e  R i s e t i m e  of t h e  Shock F r o n t  
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F i g u r e  6 i l l u . s t r a t e s  t w o  addi t iona l  shock  loading  polymorphisms.  
Pa th  AEFG . ( F i g u r e  6 a )  i s  somewhat similar t o  p a t h  ABEF f o r  F i g -  
u r e  5 a  e x c e p t  t h a t  a t w o  s tepped  shock  cannot  occur  and  a s i n g l e  
shock w i l l  be  ,stable. A g a i n ,  t h e  d i f f e r e n c e  b e t w e e n  p a t h s  ABCD 
and AEFG rep resen t s  t he  non-equ i l ib r ium cond i t ion  be tween  the  
s ta t ic  and  dynamic  loading states. P o i n t  E may r e p r e s e n t  a n  
ove rd r iven  s ta te  t h a t  c o u l d  r e l a x  t o  p o i n t  B .  We s h a l l  see from 
o u r  e x p e r i m e n t s  t h a t  t h e  a m o u n t  o f  o v e r d r i v i n g  a n d  r e l a x a t i o n  
is  d i f f i k u l t  t o  de termine  and  t ha t  B and E are llclose" f o r  p r e s -  
s u r e  l e v e l s  e n c o u n t e r e d  here:  Thus, a P-V or shock Us - u 
p a t h  AEFG ( F i g u r e  6a .and 6b) cou1.d b e  a n  a d e q u a t e  ' i n d i c a t o r '  o f  
phase  boundar ies .  
. .  
P 
Path  H I J K  ' (Figure,  6 a  and 6c) i s  our model of a porous material 
undergoing a po lymorph ic  phase  t r ans i t i on .  P a t h  H t o  .I. is  t h e  
reg ime where  pore  co l lapse  occurs  and  where shock  tempera tures  
a r e   e x p e c t e d  t o  increase r a p i d l y .   C o m p l e t e   c o l l a p s e   o f   p o r e s  
i s  genera l ly  assumed t o  h a v e  t a k e n  p l a c e  b e f o r e  I b u t  t h i s  need 
n o t   a l w a y s   t o  be t h e  case. Di f f e rences   be tween   pa ths  ABCD and 
H I J K  r e p r e s e n t s  t h e  n o n - e q u i l i b r i u w e n e r g y  c o n d i t i o n s  as b e f o r e .  
P o i n t  I i s  assumed 'Iclose" t o  p o i n t  B because  it may l i e  t o  
e i t h e r  s i d e  of A ' A '  because  of t h e  c o m p e t i n g  e f f e c t s  o f  t h e  
h i g h e r  t e m p e r a t u r e s  a v a i l a b l e  t o  h e l p  h i t i a t e  a n d  d r i v e  t h e  
t r a n s i t i o n  and t i m e  dependency  of t h e  pore   reduct ion .   Again  
a s i n g l e  shock w i l l  be  stahle t h r o u g h o u t  t h e  t r a n s i t i o n  r e g i o n  
I to J. S i n q l e   s h o c k s  are found i n  t h i s  case because  t h e  l a r g e  
i n i t i a l  volume of t h e . p o r a u s  material allows . .  t h e   r a y l e i g h   l i n e  
r e p r e s e n t i n g  t h e  "jump .condition".- ,  t o  pen ,e t r a t e .  t o  e v e r y  p a r t  
of- t h e ,  h u g o n i o t .  . 
F i g u r e  7 shows  where models i n  F i g u r e s  5 c ,  6b and 6 c  have been 
a p p l i e d  t o  t h e  hugon io t s  of p o r o u s  a n d  s o l i d  q u a r t z  a n d  i l l u s t -  
rate the   po lymorph i sm  o f   qua r t z .   (The ,   so l id   qua r t z   hug ,on io t s  
w a s  a b s t r a c t e d   f r o m  Wackerle ( 1 9 6 2 )  and  Fowles (19671.)  
. .  . .  . I  
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SOL ID QUARTZ POROUS QUARTZ 
Path AGF 
.- 
c cn Regian 
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I Path 
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8 .23 .28 .33 .38 .43 .48 
S P E C I F I C  V O L U M E  - c c h m  
b 
F i g u r e  7 I n t e r p r e t a t i o n   o f   S o l i d   a n d   P o r o u s  
Quar tz  Hugonio ts  
Data f rom shock  unloading ,  shock  recovery  exper iments  and  s ta t ic  
( l o w  s t r a i n  ra te )  e x p e r i m e n t s  a r e  u s e d  t o  g e n e r a t e  a phase  d i a -  
gram f o r   q u a r t z   ( F i g u r e  8 ) .  The p h a s e   l i n e s  shown are l o c a t e d  
w i t h i n  l i m i t a t i o n s  i m p o s e d  by e x p e r i m e n t a l  errors o f  bo th  the  
s o l i d   a n d   p o r o u s   h u g o n i o t   d a t a .  These  b o u n d a r i e s  d e l i m i t  t h e  
P-V states a t  which mixed regions are t o t a l l y  c o n v e r t e d  f o r  
s i n g l e  p h a s e  a n d  i n d i c a t e  o n l y  a p p r o x i m a t e l y  t h e  c o n v e r s i o n  
t empera tu res .  They e s t a b l i s h  n o t h i n g  a b o u t  t h e  c o n d i t i o n  of 
mixing. 
F igu re  8 i s  a pressure-volume phase diagram for quar t z  and  
s u m m a r i z e s  o u r  i n t e r p r e t a t i o n  of i t s  o v e r a l l  b e h a v i o r  a t  h igh  
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pressures. . The coesite . t o  . .s . t i . shovi . te   .phase  l ine . ,  i s  based on: 
t h e  : h i g h e s t  p r e s s u r e - v o l u m e  s ta te  (mean: normaljipressimes be- 
tween 360 and 385  kb) a t  which"a change i n  slow: o c c u r s  i n  
t h e  ' s o l i d  and   porous   hugonio ts  ''arid.:a :rederit.: 'pa$er  by!  Ahfens 
e t  al. (1970)  us ing  ou r  da t a :  i2ii:es~k:imate:"khe s k i s h o v i t e  iso- 
therm  and  by  McQueen, e t  al. (1967) .   The   a -quar i tz -coes i te  
p h a s e  l i n e  i s  b a s e d  o n  t h e  s p e c i f i c  volume of c0esite"a.t 1 b a r  
by S c l a r ,  e t  a l .  (1962)  and  on  the  ind ica t ed  change  in  s lope  
o f  t h e  s a n d s t o n e  h u g o n i o t  a t  %154  kb. 
,. , 
, . . , . : , . - I .  
' .. I ,. . . 2 .  , . ... % . 9 '  
. 3 . :  
, .  
. I  
I 
I .  _ . . , . _  
The a-quar tz -coes i te  mixed  reg ion  may b e  e v i d e n t  i n  t h e  s o l i d  
shock wave d a t a  as t h e  e x t r e m e l y  l a r g e  stress) r e l a x a t i o n  
(Wackerle,  1 9 6 2 ;  Fowles.;.  19.67;  and  Ahrens  .and  Gregson, 1 9 6 4 )  
t h a t  t a k e s  p l a c e  a t  o r  n e a r  V = .375 c m  /gm which i s ,  commonly 
l a b e l e d   t h e   H u g o n i o t  E las t ic  L i m i t  (HEL):. Ahrens  and  Duvall  
( 1 9 6 6 )  have made t h e  most d e t a i l e d  s t u d y  o f  t h . i s  stress r e l a x a -  
t i o n  i n  q u a r t z  a t  i t s  HEL but  the. .mechanism t o  p r o d u c e  t h i s  
decay i s  a n   o p e n   q u e s t i o n .   C e r t a i n l y  time dependen t   gene ra t ion  
of  even a small amount of coesite ( t h u s  p l a c i n g  t h e  material  i n  
the  mixed  a-quar tz  coesite r e g i o n )  c o u l d  r e s u l t  i n  a r e d i s t r i b u -  
t i o n  of s h e a r  stresses w h i c h  c o u l d  i n i t i a t e  t h e  r e l a x a t i o n .  
The s t r o n g e s t  a r g u m e n t  f o r  t h i s  mixed  reg ion  i s  t h e  b r e a k  i n  t h e  
sands tone  hugon io t .  
3 
The p r e v i o u s  b e h a v i o r  o f  q u a r t z  p o s t u l a t e d  b y  McQueen, e t  a l .  
(1963);   Ahrens  and  Gregson  (1964);   and  Jones,  e t  a l .  1 9 6 8 ) ,  w a s  
t h a t  t h e  stress r e l a x a t i o n  o b s e r v e d  i n  q u a r t z  i s  t h e  r e s u l t  o f  
an unknown, mechanism and t h a t  p a r t i a l  t r a n s f o r m a t i o n  t o  c o e s i t e  
does no't o c c u r ' a b o v e  t h e  HEL. They  went   on  to-post .ula , te  a 
d i r e c t  t r a n s f o r m a t i o n  o f  a - q u a r t z  t o  s t i s h o v i t e  a t  h i g h e r  p r e s -  
s u r e s .  C o e s i t e  w a s  n o t  c o n s i d e r e d  t o  e x i s t  a l o n g  t h e  h u g o n i o t  
i n  these s t u d i e s  b e c a u s e  of t h e  e x t r e m e l y  l o n g  t i m e  and  h igh  
t e m p e r a t u r e  r e q u i r e d  f o r  t h e  r e a c t i o n  t o  o c c u r  as o b s e r v e d  i n  
. .  
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s t a t i c  experiments.  However, s t a t i c  p h a s e   t r a n s f o r m a t i o n s   i n  
calcite which also r e q u i r e  l o n g  times and  h igh  t empera tu re  were 
found t o  o c c u r  w i t h i n  t h e  t h i c k n e s s  of t h e  s h o c k  f r o n t  by Ahrens 
and  Gregson ( 1 9 6 4 )  and  Jones  and  Froula  ( 1 9 6 9 ) .  This  has been 
n o t e d  f o r  o t h e r  p h a s e s  i n  o t h e r  materials. Breed and  Venable 
( 1 9 6 8 )  f i n d  l a r g e  t i m e  v a r i a t i o n s  i n  s h o c k  i n d u c e d  p h a s e  t r a n s -  
fo rma t ions .  The g r e a t   s h e a r   d e f o r m a t i o n   f o r c e s   p r o d u c e d   i n  
s h o c k  f r o n t s  i s  u s u a l l y  assumed t o  be t h e  d r i v i n g  mechanism. 
Dremin  and  Breusov  (1968)  have  recent ly  rev iewed th is  aspec t  
of  dynamic processes .  
Coesite i s  usua l ly  found  as traces and small  amounts i n  t h e  
recovered the tomorph ic  g l a s s  f rom meteor impact  craters and 
n u c l e a r   d e t o n a t i o n s  (Deribas, e t  a l .  1 9 6 6 ;  Chao, 1 9 6 7 ) .  
Bunch, e t  a l .  (1968) a l so  r e p o r t   s h o c k   i n d u c e d   s t r u c t u r a l  
disorder i n   q u a r t z   a b o v e  1 5 0  k b .   S t r u c t u r a l  disorder might 
be e v i d e n c e  f o r  p a r t i a l  coesite conve r s ion  fo l lowed  by p a r t i a l  
r e v e r s i o n  o f  t h e  c r y s t a l  l a t t i ce  by un load ing .   Der ibas ,  e t  a l .  
( 1 9 6 6 )  have  pub l i shed  t h e  o n l y  r e p o r t  c l a i m i n g  t o  f i n d  c o e s i t e  
i n  l a b o r a t o r y  scale shock  experiments   above 1 5 0  kb-. Many U . S .  
i n v e s t i g a t o r s  h a v e  looked f o r  coesite i n  r e c o v e r e d  m a t e r i a l  
f rom labora tory  shock  exper iments  bu t  have  found none  
(Chao, 1 9 7 0 ) .  
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SECTION I11 
TEMPERATURE CALCULATIONS 
I n  t h e  p r e c e e d i n g  s e c t i o n ,  s t a t i c  equ i l ib r ium p res su re -vo lume  
states are compar.ed w i t h  h i g h - s t r a i n  r a t e  nonequ i l ib r ium p res -  
sure-volume states.  A similar comparison  can be made w i t h  
p r e s s u r e - t e m p e r a t u r e  states. P r e s s u r e - t e m p e r a t u r e  states f o r  
low s t r a i n  ra te  e q u i l i b r i u m  c o n d i t i o n s  are usua l ly  measured .  
Because  shocks are of s h o r t  d u r a t i o n  ('Lpsecs), t e m p e r a t u r e  
measurements  are b e y o n d  t h e  p r e s e n t  s t a t e  o f  t h e  a r t .  
The l o w - s t r a i n  ra te  P-T p h a s e  d i a g r a m  f o r  q u a r t z  i s  i l l u s t r a t e d  
i n  F i g u r e  9 .  Re fe rences   fo r   t he   numbered   boundar i e s  are l i s t e d  
i n  T a b l e  111. The qua r t z -coes i t e   boundary  i s  obta ined   f rom 
H o l m ,  e t  a l .  ( 1 9 6 7 ) ;  B e l l ,  e t  a l .  ( 1 9 6 5 ) ;  Boyd, e t  a l .  ( 1 9 6 6 ) ;  
Boyd and  England ( 1 9 6 0 ) ;  Yasukawa (1963) ;   Takahask i   (1963) ;  
K i t a h a r a  and Kennedy ( 1 9 6 4 ) ;  Da6h i l l e   and  Roy ( 1 9 5 9 ) ;  MacDonald 
(1956) ; and  Griggs  and Kennedy (1956) .   The   a -quar tz  - B-quartz 
boundary i s  obta ined   f rom  Gibson   (1928) ,   Yoder   (1950) ,   and  
Cohen  and  Klement  (1967).  The tridimite a n d   c r i s t o b a l i t e  s ta -  
b i l i t y  f i e l d s  are taken   f rom Holm e t  a l .  ( 1 9 6 7 ) ;  S t i s h o v  ( 1 9 6 3 ) ;  
Sclar, e t  a l .  ( 1 9 6 2 ) ;  B e l l  and Boyd (1968);   and  Wentorf  ( 1 9 6 2 ) .  
I n  order t o  g e n e r a t e  a n  e q u i l i v a l e n t  h i g h  s t r a i n  r a t e  P-T phase  
d i a g r a m  f o r  q u a r t z ,  s h o c k  t e m p e r a t u r e s  m u s t  b e  c a l c u l a t e d .  
C a l c u l a t i o n  o f  t e m p e r a t u r e s  i n  s o l i d  materials i s  usua l ly  done  
by methods f i r s t  o u t l i n e d  by Walsh and Chris t ian (1955) .  
The gene ra l  p rob lem of d e r i v i n g  a comple te  P-V-T e q u a t i o n  o f  
s ta te  from shock da t a  are considered by Cowperthwaite  
2 2  
( 1 9 6 6 ,  1 9 6 9 )  and  by  Cowperthwaite  and  Ahrens ( 1 9 6 7 ) .  Ahrens 
and  Gregson ( 1 9 6 4 ) ,  have made t h e  f i r s t  c a l c u l a t i o n s  i n  s a n d -  
s t o n e  a n d  t h e  p r e s e n t  a n a l y s i s  f o l l o w s  t h e i r  method.. 
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F i g u r e  9 Low-Strain R a t e  Phase  Diagram .for Q u a r t z  
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TABLE  I11 
LOW STRAIN  RATE  DATA  FOR  EQUILIBRIUM  PHASE 
DIAGRAM  OF  QUARTZ  (FIGURE 9 )  
1. Yoder  (1950) 
Gibson  (1928) 
Cohen  and  Klement (1967)  
2 .  T u t t l e   a n d  Bowen (1958) 
3 .  MacDonald (1956) 
Griggs  and Kennedy (1956) 
Dach i l l e  and  Roy (1959) 
4 .  Boyd and  England ( 1 9 6 0 )  
B e l l ,  e t  a l .  (1965) 
H o l m ,  e t  a l .  ( 1 9 6 7 )  
Boyd, e t  a l .  ( 1 9 6 6 )  
Yasukawa (1963) 
Takahaski  ( 1 9  6 3 )  
Kitahara   and  Kennedy ( 1 9 6 4 )  
5.  H o l m ,  e t  a l .  ( 1 9 6 7 )  
S t i shov   (1963)  
Sclar,  e t  a l .  ( 1 9 6 2 )  
B e l l  and Boyd (1968) 
Wentorf ( 1 9 6 2 )  
6 .  Mosesman a n d   P i t z e r  ( 1 9 4 1 )  
The a g r e e m e n t  b e t w e e n  t h e  p r e s e n t  c a l c u l a t i o n  a n d  t h a t  o f  
Ahrens  and  Gregson ( 1 9 6 4 )  i s  s a t i s f a c t o r y .  Error  estimate 
based  on  poss ib le  var ia t ions  of  thermodynamic  parameters  
made by Ahrens  and  Gregson ( 1 9 6 4 )  i n d i c a t e  t h a t  t h e s e  t e m p e r -  
a t u r e s  are c o n s e r v a t i v e .  The same arguments a l so  h o l d   f o r  
t h e  p r e s e n t  c a l c u l a t i o n s .  We also assume t h a t   t h e   G r u n e i s e n  
ra t io ,  t o  be volume dependent  and  temper ta ture  independent ,  
a s suming  on ly  long i tud ina l  l a t t i ce  modes a n d  n e g l e c t i n g  s h e a r  
2 4  
l a t t i ce  a n d  o p t i c  l a t t i ce  modes- These  ass:umptibns may re- 2 
s u l t  i n  i n c o r r e c t l y  c a l c u l a t e d  t e m p e r a t u r e s  ( A n d e r s o n ,  1 9 6 8 )  
b u t   , n o '   d a t a   e x i s t s  - t o  inc.lude:.these..effects o r  t o - e s t i m a t e : . : t h e  
errors . _ / i . .  ..  . . . . . .  . . . . . .  . .  . . . . .  . . . . . . . . .  . . . . . . .  ; . . . . . .  . .  -. . . -  . . .  .- . , '  . I : . .  , -  I ,  . .  
. . . .  : , . .' - .-, . . .  i . . . . .  . . .  , I ~. . . .  . .  . .  ~. 
T o  c a l c u l a t e  t e m p e r a t u r e  in. s a n d s t o n e , : - t h e  h u g o n i o t  i n t e r n a l .  
e n e r g y  p e r  u n i t  m a s s - i s - p a r t i t i o n e d  i n t o  c o m p r e s s i o n a l  e n e r g y ,  
Ek ; .and. :   thermal '   energy,  "Et .  . .  . .  . . . .  . .  . . .  . .  . .  
. . .  . . . .  I .  ,.: . .  . . .  . . _ I d  . , , . .  . . .  . . . .  . .  . .  . .  
.., . 1/2 (P1 +.-.Po) (V0 4 . V1) ..= .Ek + E' . . . .  . . .  . .  
t 
. . . .  I .  . .  
. L  
, ,. . .  . ., r. . .  . . .  
Where t h e  o s u b s c r i p t  i s  t h e  i n i t i a l  s ta te  a n d  t h e  1 s u b s c r i p t  
. is!  t h e  f i n a l  s tate.  V i s  t h e  s p e c i f L c , . v o l u m e  s t a t e . a n d  P i s  
cons ide red  as h y d r o s t a t i c  p r e s s u r e - b e c a u s e  o f . . t h e  i n i t i a l  small 
s h e a r . s t r e s s ,  e a r l y ' c r u s h u p  a n d  a s s u m e d  stress e q u a . l i z a t i o n  ., 
under  shock  loading.  The. t o t a l -  i 'nternal. :energy i s  o b t a i n e d  
f r o m  t h e  e x p e r i m e n t a l l y '  d e t e r m i n e d  h u g o n i o t ;  . t h e  c o m p r e s s i o n a l  
energy  i s  de termined  from an  isotherm.  The area d i f f e r e n c e  b e -  
tween  these  curves  i s  c o n s i d e r e d  t o  b e  t h e  t h e r m a l  e n e r g y .  
E t  = 1 ThC (T)dT = 1 / 2  (Pi - Po) (Vo - Vi)  - Ek 
TO 
V 
Where Cv i s - t h e  s p e c i f i c  h e a t  c a p a c i t y  a t  c o n s t a n t  volume. 
. .  : . . . .  
The s p e c i f i c  h e a t  c a p a c i t y  a t  cons t an t  vo lume  can  be  ob ta ined  
from experimental  measurements of C , t h e  s p e c i f i c  heat capa- 
c i t y  a t  cons t an t  p re s su re ,  and  f rom o the r  t he rmodynamic  pa ra -  
meters such  as a ,  t h e  volume c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  
a n d  t h e  i s o t h e r m a l  b u l k  m o d u l u s  t h r o u g h  t h e  G r u n e i s e n s  Law. 
P 
I 
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C - C v = " T V  2 2 aP 
P ( a v )  T 
Because  (aP/8V)T i s  estimated f o r  small i n c r e m e n t s  a l o n g  t h e  
hugonio t  and  C below t h e  Debye t e m p e r a t u r e  i s  a f u n c t i o n  o f  
t e m p e r a t u r e  f o r  e a c h  p h a s e  o f  q u a r t z ,  t e m p e r a t u r e  c a l c u l a t i o n s  
are broken up i n t o  a series o f  r eg ions  where  each  of t h e  above 
parameters   can  be h a n d l e d   w i t h   s i m p l i c i t y .   F i g u r e  1 0  shows 
t h e  s i x  r e g i o n s  w h i c h  were u s e d  f o r  t e m p e r a t u r e  c a l c u l a t i o n s  
i n  t h e  shock loading   of   Coconino   sands tone .   F igures  11 and 1 2  
show t h e  e x p e r i m e n t a l  s p e c i f i c  h e a t  c a p a c i t y  d a t a  as w e l l  as 
t h e  e m p i r i c a l  f i t s  u s e d  i n  t h e  c a l c u l a t i o n s .  
P 
For t h e  e las t ic  regime,   Region I ,  t h e  t e m p e r a t u r e  i s  estimated 
by assuming  ad iaba t ic   compress ion .  T h i s  assumpt ion  i s  j u s t i -  
f i e d  b e c a u s e  t h e  e las t ic  v e l o c i t y  i s  approx ima te ly  equa l  t o  
t h e   a d i a b a t i c   c o m p r e s s i o n a l  wave v e l o c i t y .   T h u s   t h e   h u g o n i o t  
and   t he  adiabat are close. The t e m p e r a t u r e   i n c r e a s e  i s  t h u s  
c a l c u l a t e d  as: 
r (vo-v) 
T = To exp V 
Where r i s  t h e  G r u n e i s e n  c o e f f i c i e n t  a n d  i s  assumed t o  b e  a 
c o n s t a n t  . 
r =  -1 
Where C = a + bT + c T  , a ,  b ,   a n d  c are e m p i r i c a l  c o n s t a n t s  
and T i s  a b s o l u t e  t e m p e r a t u r e .  
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Figure 10 Coconino Sandstone Hugoniot Showing Pressure 
Regions Used for  Temperature  Calculations 
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Specific  Heat  Capacity  as  a  Function 
Temperature  for  a-Quartz, B-Quartz, 
Tridimite and Cristobalite 
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Figure 12 Specific  Heat  Capacity as a  Function of 
Temperature  for  Coesite  and  Stishovite 
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U s i n g  t h e  d e f i n i t i o n  of r as: 
T = aK/Cppo 
Where a = volumetric t h e r m a l   e x p a n s i o n   c o e f f i c i e n t  
K = ad iaba t i c   bu lk   modu lus  
C = s p e c i f i c   h e a t  a t  c o n s t a n t   p r e s s u r e  
P 
= i n i t i a l  s p e c i f i c  d e n s i t y  
and  using  handbook  values  (Clark,  1 9 6 6 1 ,  r h a s  a v a l u e  o f  
0 . 0 1  o r  less. Us ing   t he  smaller J? p r o d u c e s   a n   i n c r e a s e   i n  
t empera tu re  upon  compression t o  t h e  HEL ( 4 . 6  kb)  of a few 
t e n t h s  of degrees  Kelv in .  
Region I1 i n  s a n d s t o n e  i s  the  r eg ime  be tween  the  HEL a n d  t h e  
f i r s t  b r e a k  i n  t h e  h u g o n i o t .  I t  i s  a r eg ion   where   t he   po res  
i n  t h e  rock  are b e i n g   c l o s e d   ( p o i n t s  0 t o  1 i n  F i g u r e  8 ) .  The 
compress iona l  energy ,  E k ,  i s  n e g l e c t e d  b e c a u s e  o f  a l a c k  o f  
e x p e r i m e n t a l   d a t a   i n   t h i s   p r e s s u r e   r e g i m e .  The i n c r e a s e  i n  
s u r f a c e  e n e r g y  of qua r t z  g ra ins  du r ing  c rushup  has  been  es t i -  
mated by Brace and  Walsh ( 1 9 6 2 )  b u t  t h i s  e n e r g y  i s  small com- 
pa red  t o  the  compress iona l  ene rgy  o r  shock energy and i s  a l so  
n e g l e c t e d  fo r  t h i s   r e g i o n .   T h u s ,  a l l  t h e   s h o c k   i n t e r n a l   e n e r g y  
i s  assumed t o  b e  c o n v e r t e d  i n t o  t h e r m a l  e n e r g y  o r ,  
An i n i t i a l  t e m p e r a t u r e ,  o r  300'  K i s  assumed i n  a l l  ca l cu -  
l a t i o n s  o f  t h e  s h o c k  t e m p e r a t u r e ,  TH ( n e g l e c t i n g  t e m p e r a t u r e  
i n c r e a s e  a t  t h e  H . E . L . ) .  
TO 
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Specific  heat  capacity  at  constant  volume  for  a-quartz in this 
temperature  regime  is  computed  incrementally  form: 
Cv = C - T cx V (aP/aV)T. 2 2  
P 
Where T ( "  Kelvin)  and  V  (cm  gm-l)  are  average  values  of  each  in- 
crement (aP/aV)  along  the  hugoniot. A value  of 1 X 10 
is  used  for  the  volume  coefficient of thermal  expansion, a .  
3 
-5 OK-l 
Specific  heat  at  constant  pressure  is  taken  from  Figure 11 as: 
C = -. 13244 + 0.0448T - 3.074 X 10 -5T2 P 
Where C has  units  of  calories/mole OK and T is  in  units  of 
O Kelvin. C is  adjusted  for  an  assumed  linear  increase in 
mass/unit  volume  from  the  25%  porosity  condition of the  sand- 
stone  to  that  of s o l i d  quartz over  this  region. 
P 
P 
In  Region 111, a  new  energy  partition  was  assumed  because  the 
porous  material is considered  to  have  been  compressed  to  a  solid. 
The  internal  energy  was  assumed  to  consist  of a c mpressible  and 
a thermal  part. 
(V0 - Vi) - 
EIII 2 = 5 Zh C V (T)dT + Ek 
0 
Where Ek is the  energy of isothermal  compression. 
Thus Ek = J V  - PdV. 
vO 
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If the Murnaghan form of t h e  i s o t h e r m  i s  assumed: 
Where B = 42.75  kb  and 5 = 8.390  (Ahrens  and  Gregson, 1 9 6 4 )  
The e q u a t i o n s  are s o l v e d  f o r  Th and i terated on Th and C 
u n t i l  t h e  t e m p e r a t u r e s  a g r e e d  w i t h i n  a f e w  t e n t h s  of a p e r c e n t .  
P 
C a l c u l a t i o n s  were pe r fo rmed  a long  the  Murnaghan  un t i l  
V = .355 c m  /gm ( p o i n t  2 )  was r eached .   Th i s  i s  i n t e r p r e t e d  
as t h e  mixed phase boundary between a-quartz  and coesi te  regions.  
A t  t h i s  p o i n t ,  t h e  e n e r g y  f r o m  t h i s  i s o t h e r m a l  c o m p r e s s i o n  u s i n g  
t h e  Murnaghan form was he ld  cons t an t  and  ene rgy  was added  in-  
c r e m e n t a l l y  a l o n g  t h e  f l a t  p o r t i o n  o f  t h e  300°K iso therm.  
3 
v = .355  .355  .3225 
Ek = J - B [ -11 dV + I PdV 
v = .375  ,395 .355 
where 6 = 42.75  kb  and 5 = 8.390.   Calcu la t ions   have  now been 
pe r fo rmed  a long  the  i so the rm to  42 .5  kb  and 0.3225  gm/cc. 
The r eg ion  f rom 42 .5  kb  to  80 kb a long  the 300'K i s o t h e r m  i s  
t h e   r e g i o n  of c o m p l e t e   t r a n s f o r m a t i o n   t o  coesite. Because 
little expe r imen ta l  ev idence  of the  i so the rma l  compress ion  of 
c o e s i t e  e x i s t s ,  w e  assumed a Murnaghan form using the same 
E, a s  q u a r t z  and r e p l a c i n g  B c  w i t h  t h e  isothermal bulk modulus 
o f   qua r t z .  The t o t a l  energy  i s  now: 
3 2  
I .  
f . 3 2 2 5  r . 2 9 7  
, T h e . s p e c i f i c  h e a t  capacities a t  c o n s t a n t  p r e s s u r e  f o r  a - q u a r t z  
and coesite i n  Region I11 are: 
C = - . 1 3 2 4  + . 0 4 4 8  T - 3 . 0 7 4  X 1 0  - 5T2 
P a -qua r t z  
(200°K t o  7 5 0 ° K )  
= 1 4 . 6 5  + . 0 0 1 7 7  T 
. c~ 1 @-quar tz  
(750°K t o  1 1 4 0 ° K )  
and 
C = 3 . 1 9 0  + . 0 2 9 7  T - 1 . 6 1 4  X 10 T -5 2 
P c o e s i t e  
( 2 0 0 ° K  t o  9 2 0 ° K )  
T h e  t w o  e q u a t i o n s  f o r  q u a r t z  are n e c e s s a r y  t o  b r i d g e  t h e  
a-B q u a r t z  t r a n s i t i o n  a t  abou t  8 5 0 ° K .  A l i n e a r   m i x i n g  l a w  
be tween quar tz  and  coesite i s  assumed i n  t h i s  r e g i o n .  
C = 15.8115 + 1 . 1 3 2  X 10m3T 
P coesite 
( 9 2 0 ° K  t o  3 0 0 0 ° K )  
6 
The material t ransforms f rom 1 0 0 %  q u a r t z  a t  t h e  b e g i n n i n g  of 
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Region  I11  to 100% coesite  at  the  end of Region 111. An aver- 
age  specific  heat  capacity  at  constant  pressure is calculated 
at each ( a P / a V )  interval  of  the  calculation by assuming appro- 
priate  mixtures  of  the  two C ' s .  A Cv is  then  calculated  and 
used  in  the  energy  partition  equation  to  calculate  shock  temper- 
ature. 
P 
Regions IV and  VA  are the mixed  regions for the  transformation 
from  coesite  to  stishovite.  A  linear  mixing  law  for  the  corre- 
sponding  specific  heats  at  constant  pressure  results  in  tempera- 
tures  which we consider too low. Thus Region  IV  was  assumed  to 
represent  the  region  where 50% of  the  material  is  transformed 
to  stishovite.  Region VA represents  the  region  where  the 
remaining 5 0 %  of the  material  is  transformed  to  stishovite. 
The  appropriate  specific  heat  at  constant  pressure  is  shown 
in  Figure 12. 
Likewise,  the  energy  from  isothermal  compression is the  sum 
of  the  previous  energies  plus  the  flat  region  from V = .2975  
to V = . 2 2 7 5  and a  Murnagham  fit  to  the  stishovite  region. 
V = - 2 2 2 5  . 2 9 7 5   - 2 3 7 5   . 2 2 2 5  
Ek = Ek -PdV + -PdV + 
v = . 3 9  . 3 9   . 2 9 7 5   . 2 3 7 5  
. 2 2 2 5  
. 2 2 7 5  
We used  the  isothermal  bulk  modulus ( a s )  and  its  first  deri- 
vative ( 5  ) for  stishovite  as  given  by Ahrens, et al. ( 1 9 7 0 )  
S 
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to fit the  simplified  Murnagham  equation  to the stishovite 
region  rather  than  the  Birch-Murnagham  form  with  higher  order 
corrections  as  given by Ahrens, et al. (1970). This  was  done 
to simplify  the  integrations  and  because  any  differences  be- 
tween  the two approaches  seemed  small  compared  with  approxi- 
mations  and  estimations  already  made  to  reach  this  point in 
the  calculations. 
Region  VB  is  the  region  where  material  has  been  completely 
transformed  to  stishovite.  The C and Ek used in the  temper- 
ature  calculations  is  the  same  as  previously  given. 
P 
Similar  calculations  are  made  using  the  solid  quartz  hugoniot. 
The  various  regions  of  the  hugoniot  and  the 300°K isotherm  are 
shown  in  Figure 13 and  correspondingly  in  Figure 8. A discus- 
sion of the  calculations  will  not  be  made  but  follows  along  the 
same  lines  as  for  the  sandstone.  Several  comments  are in order 
about  the  specific  form  of  the  solid  quartz  hugoniot. First, 
the HEL is  taken  as 'L 45 kb which  is  close  to  an  asmyptotic 
value  of  the HEL decay  that  is  observed  in  solid  quartz.  This 
is  interpreted  by  us  to  be  a  shock  steady  state  equilibrium 
condition  for  the  onset  of  the  a-quartz/mixed  region.  Second, 
calculations  are  made  for  a-quartz  transforming,  directly  to 
stishovite ( B  to C '  in  Figure 14) as well as  the  a-quartz-coe- 
site-stishovite ( B  to C )  as  was  done  for  sandstone. The 
a-quartz to stishovite  seems  a  more  probable  transformation 
within  the  shock  front of laboratory  experiments.  The  a-quartz- 
coesite-stishovite  transitions  are  used  because  they  appear  to 
represent  equilibrium  conditions  along  the  whole  hugoniot. 
These  two  possible  transformation  processes  should  bound  the 
actual  transformation  temperature  conditions. Thirdly, because 
of the  high  resolved  shear  stress  in  a-quartz,  a  mean  normal 
stress  is  computed  through  Poisson's  ratio  and  the  hugoniot 
stress. 
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F i g u r e  13 Solid Quartz   Hugoniot   Showing  Pressure 
Regions Used fo r  Tempera tu re  Ca lcu la t ions  
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Figure  14 High S t r a i n  Rate Phase Diagram f o r  Q u a r t z  
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CONCLUSIONS 
Figure 14 illustrates  the  high  strain  rate  phase  boundaries 
for  a-quartz-coesite  and  coesite-stishovite  concluded from 
our  interpretation  of  the  hugoniot  data  and  estimated  iso- 
therms.  The  doubled  lines  represent the completed  transition 
under  shock  loading  and  the  dash  lines  represent  the  hydrostatic 
transitions.  Error  estimates  are  also  shown.  Lettered  and 
numbered  points  in  the  figure  correspond  to  discontinuities 
in  the  hugoniots  shown  in  Figure 8. Discontinuities  in  the 
hugoniot  temperature  curves  result  from  the  simplifications 
of  the  hugoniots  and  isotherms. 
An  estimate of the  range of strain  rates  obtained in our  shock 
wave  experimTnts  is  from 3 X lo2 to 1.3 X 10ll/sec. Strain 
rates  for  hydrostatic  experiments  are  normally in the  range 
from to 10-3/sec. An obvious effect of the 14 to 17 orders 
of  magnitude  increase  in  strain  rate on the  polymorphism  of 
quartz is a  significant  shift  in  the  pressure-temperature  plane 
of  the  phase  boundaries  of  coesite  and  stishovite. 
Shock  wave  studies  of  quartz  have  application n at least  two 
areas of geophysics.  The  first  concerns  the  thermodynamic 
states  of  minerals  present  in  the  earth's  mantel.  Accurately 
measured P-V states  assist  in  more  accurate  determinations  of 
the  thermodynamic  properties  and  density  states  of  quartz  poly- 
morphs  and  thus  help  in  determining  the  mineral  assemblages  that 
might  be  possible  in  the  earth's  mantel. 
The  second  area  concerns  meteorite  craters  and  interpretations 
of the  physical  conditions  that  existed  at  impact.  Many  present 
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s t u d i e s  o f  s u c h  i m p a c t s  b a s e  d e s c r i p t i o n  o f  t h e  P-V-T states 
on   hydros t a t i c   phase   d i ag rams .  The  change i n  p h a s e  b o u n d a r i e s  
w i t h  s t r a i n  rate as i l l u s t r a t e d  h e r e  m i g h t  l e a d  t o  a r eeva lua -  
t i o n  of s u c h  i n t e r p r e t a t i o n s .  B e c a u s e  o f  t h e  e f f e c t  o f  s t r a i n  
ra te  as shown i n  F i g u r e  14, an upper  and lower l i m i t  may be 
e s t a b l i s h e d  f o r  t h e  s t a b i l i t y  o f  q u a r t z  i n  t h e  impac t  p rocess .  
P r e v i o u s  i n t e r p r e t a t i o n s  o f  q u a r t z  s h o u l d  be viewed as on ly  a 
lower bound. 
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APPENDIX 
HUGONIOT STANDARDS 
I t  has  been  found  p rac t i ca l  t o  i n d u c e  u l t r a - h i g h  stresses 
by caus ing  a h i g h  d e n s i t y  metal p l a t e  t o  s t r i k e  a t a r g e t  
of t h e  m a t e r i a l  of i n t e r e s t  a t  h i g h  v e l o c i t i e s .  The b a s i s  
of t h e  p r e s e n t  t e c h n i q u e  u s i n g  a l i g h t  g a s  gun as a p r o j e c t o r  
i s  t o  i m p a c t  s a n d s t o n e  t a r g e t s  w i t h  a f l a t  p l a t e  of OFHC 
copper   o r   Fans t ee l -77  (a t u n g s t e n   a l l o y ) .  The hugonio t  s ta te  
i n  t h e  t a r g e t  i s  measu red  by  r eco rd ing  the  impac to r  ve loc i ty .  
p r i o r  t o  impac t  and  the  shock  ve loc i ty  induced  in  the  spec i -  
men. Computa t ion   o f   t he   r e su l t an t  volume or  p a r t i c l e  v e l o -  
c i t y  r e q u i r e s ,  i n  a d d i t i o n  t o  t h e  above  measurements, know- 
ledge  of  a hugonio t  equat ion  of  s ta te  of  t h e  impactor  material 
(McQueen, e t  a l . ,  1 9 6 7 ) .  
The h u g o n i o t  e q u a t i o n s  f o r  t h e  metals u s e d  i n  t h i s  p r o g r a m  
have been measured i n  t h i s  l a b o r a t o r y  a n d  are  l i s t e d  b e l o w .  
OFHC Copper: 
Us = 3.964 + 1.463 u (km/sec)  
P 
RMS Devia t ion  of Us = f . 0 0 9  km/sec 
Fans t ee l -77 :  
Us = 4 . 0 0 8  + 1 . 2 6 2  u (km/sec) 
P 
RMS Devia t ion  of Us = k . 0 2 1  km/sec. 
A more comple t e  desc r ip t ion  o f  t he  measu remen t s  on  these  
metals may b e  f o u n d  i n  I s b e l l ,  Shipman  and Jones (1968) .  
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